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Abstract
We study the possibility of connecting leptonic Dirac CP phase δ, lightest neutrino mass and
baryon asymmetry of the Universe within the framework of a model where both type I and type II
seesaw mechanisms contribute to neutrino mass. Type I seesaw gives rise to Tri-Bimaximal (TBM)
type neutrino mixing whereas type II seesaw acts as a correction in order to generate non-zero θ13.
We derive the most general form of type II seesaw mass matrix which can not only give rise to
correct neutrino mixing angles but also can generate non-trivial value of δ. Considering both the
cases where type II seesaw is sub-leading and is equally dominant compared to type I seesaw, we
correlate the type II seesaw term with δ and lightest neutrino mass. We further constrain the
Dirac CP phase δ and hence the type II seesaw mass matrix from the requirement of producing
the observed baryon asymmetry through the mechanism of leptogenesis.
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I. INTRODUCTION
Neutrino oscillation experiments [1–5] in the last few years have given substantial amount
of evidence in favor of non-zero neutrino mass and mixing. More recently, neutrino oscillation
experiments T2K [6], Double ChooZ [7], Daya-Bay [8] and RENO [9] have not only made
the earlier predictions for neutrino parameters more precise, but also predicted non-zero
value of the reactor mixing angle θ13. The latest global fit value for 3σ range of neutrino
oscillation parameters [10] are as follows:
∆m221 = (7.00− 8.09)× 10−5 eV2
∆m231 (NH) = (2.27− 2.69)× 10−3 eV2
∆m223 (IH) = (2.24− 2.65)× 10−3 eV2
sin2θ12 = 0.27− 0.34
sin2θ23 = 0.34− 0.67
sin2θ13 = 0.016− 0.030 (1)
Another global fit study [11] reports the 3σ values as
∆m221 = (6.99− 8.18)× 10−5 eV2
∆m231 (NH) = (2.19− 2.62)× 10−3 eV2
∆m223 (IH) = (2.17− 2.61)× 10−3 eV2
sin2θ12 = 0.259− 0.359
sin2θ23 = 0.331− 0.637
sin2θ13 = 0.017− 0.031 (2)
where NH and IH refers to normal and inverted hierarchies respectively. Although the 3σ
range for the Dirac CP phase is 0− 2π, there are two possible best fit values of it found in
the literature: 5π/3 [10] and π [11].
Before the discovery of non-zero θ13, the neutrino oscillation data were consistent with
the so called TBM form of the neutrino mixing matrix which predicts the mixing angles
as θ12 ≃ 35.3o, θ23 = 45o and θ13 = 0. Such a mixing pattern studied extensively in the
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literature [12–17] however, needs to be corrected in order to accommodate non-zero θ13
discovered recently. Several interesting proposals [18–26] have already been put forward
which include different corrections to TBM mixing in order to generate non-zero θ13. In
the present work, we attempt to find a mechanism which can not only generate non-zero
θ13 but can also shed some light on those parameters of the neutrino sector which are
not yet accurately measured namely, the lightest neutrino mass and the leptonic Dirac CP
phase. Apart from incorporating the constraints from neutrino oscillation experiments, we
also take the constraints from cosmology into account. Cosmology can constrain the the
sum of absolute neutrino masses as
∑
i|mi| < 0.23 eV [27]. We can further constrain the
neutrino parameters from cosmology if we assume leptonic sector origin of matter antimatter
asymmetry of the Universe. The matter antimatter asymmetry or the baryon asymmetry of
the Universe is measured in terms of baryon to photon ratio which according to the latest
data available from Planck mission [27] is given as
YB ≃ (6.065± 0.090)× 10−10 (3)
This baryon asymmetry can be naturally generated through the well known mechanism of
leptogenesis. According to this mechanism, the observed baryon asymmetry of the Universe
is generated by generating an asymmetry in the leptonic sector first and later converting
it into baryon asymmetry through electroweak sphaleron transitions [28]. As pointed out
first by Fukugita and Yanagida [29], the out of equilibrium CP violating decay of heavy
Majorana neutrinos provides a natural way to create the required lepton asymmetry. A
very good review of this mechanism can be found in [30].
In some of our recent works [31–34], we carried out an exercise of generating non-zero θ13
by considering a model where both type I [35–39] and type II [40–46] seesaw are present.
The type I seesaw was assumed to give TBM type neutrino mixing whereas type II seesaw
acts as a perturbation in order to generate non-zero value of reactor mixing angle. Similar
attempts to study the deviations from TBM mixing by using the interplay of two different
seesaw mechanisms were also done in [47–51]. In our earlier works, we considered type I
seesaw mass matrix as TBM type and assumed a minimal structure of the type II seesaw
mass matrix required to break the µ − τ symmetry associated with the TBM mixing. We
also assumed the type I seesaw mass matrix to be of leading order by fitting it with the
best fit values of neutrino mass squared differences and TBM mixing angles. One difficulty
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that we face within such framework is to control or restrict the form and strength of type
II seesaw mass matrix in such a way that while generating the correct value of θ13, the
mass squared differences as well as other mixing angles remain within the allowed range.
Here we generalize our earlier works by dropping these two assumptions: the minimal µ− τ
symmetry breaking form of the type II seesaw mass matrix and sub-leading approximation
for the type II seesaw term. We rather derive the most general type II seesaw mass matrix
which can give rise to the correct value of non-zero θ13 and could also contain the leptonic
Dirac CP phase. We also consider three different scenarios where type I seesaw contribution
to neutrino mass can be 50%, 70% or 90% which includes the case where type I and type
II seesaw are equally contributing to the neutrino mass. We constrain the type II seesaw
mass matrix from the requirement of generating successful neutrino oscillation data and also
study the correlation among leptonic Dirac CP phase, lightest neutrino mass and type II
seesaw strength. We further constrain the leptonic Dirac CP phase contained in the type
II seesaw mass matrix from the requirement of producing the observed baryon asymmetry
through leptogenesis. It should be noted that throughout our study, we have not included
Majorana neutrino phases in our calculations and hence the conclusions we arrive at in this
work are valid only when the Majorana phases take extremal values 0 or 2π.
This paper is organized as follows. In section II, we briefly discuss type II seesaw. In
section III, we discuss the deviations from TBM mixing using type II seesaw. In section IV
we describe the numerical analysis adopted here and finally conclude in section V.
II. TYPE II SEESAW
Type II seesaw mechanism is the extension of the standard model with a scalar field ∆L
which transforms like a triplet under SU(2)L and has U(1)Y charge twice that of lepton dou-
blets. Such a choice of gauge structure allows an additional Yukawa term in the Lagrangian
given by fij
(
ℓTiL C iσ2∆LℓjL
)
. The triplet can be represented as
∆L =

 δ+L /
√
2 δ++L
δ0L −δ+L /
√
2


The scalar Lagrangian of the standard model also gets modified after the inclusion of this
triplet. Apart from the bilinear and quartic coupling terms of the triplet, there is one
trilinear term as well involving the triplet and the standard model Higgs doublet. From the
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minimization of the scalar potential, the neutral component of the triplet is found to acquire
a vacuum expectation value (vev) given by
〈δ0L〉 = vL =
µ∆H〈φ0〉2
M2∆
(4)
where φ0 = v is the neutral component of the electroweak Higgs doublet with vev approxi-
mately 102 GeV. The trilinear coupling term µ∆H and the mass term of the triplet M∆ can
be taken to be of same order. Thus, M∆ has to be as high as 10
14 GeV to give rise to tiny
neutrino masses without any fine-tuning of the dimensionless couplings fij .
Type I 50%,TYPE II 50%
 0
 0.2
 0.4
 0.6
 0.8
 1
 0.03  0.032  0.034  0.036  0.038  0.04
Si
n2
δ c
p
|MνII(1,1)|
NH with m1=0.07 eV
 0
 0.2
 0.4
 0.6
 0.8
 1
 0.0005  0.001  0.0015  0.002  0.0025  0.003
Si
n2
δ c
p
|MνII(1,1)|
NH with m1=10
-6
 eV
 0
 0.2
 0.4
 0.6
 0.8
 1
 0.03  0.032  0.034  0.036  0.038  0.04  0.042  0.044
Si
n2
δ c
p
|MνII(1,1)|
IH with m3=0.065 eV
 0
 0.2
 0.4
 0.6
 0.8
 1
0.022860 0.022861 0.022862 0.022863 0.022864 0.022865
Si
n2
δ c
p
|MνII(1,1)|
IH with m3=10
-6
 eV
FIG. 1: Variation of sin2 δCP with type II seesaw for 50% contribution of type I seesaw to neutrino
mass
III. DEVIATIONS FROM TBM MIXING WITH TYPE II SEESAW
As mentioned in the introduction, here we consider the type I seesaw to give rise to TBM
type neutrino mixing whereas the type II seesaw term acts like a deviation from TBM mixing
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FIG. 2: Variation of sin2 δCP with type II seesaw for 70% contribution of type I seesaw to neutrino
mass
in order to generate non-zero θ13. The TBM type neutrino mass matrix can be parametrized
as
Mν =


x y y
y x+ z y − z
y y − z x+ z

 (5)
which is clearly µ−τ symmetric with eigenvalues m1 = x−y, m2 = x+2y, m3 = x−y+2z.
It predicts the mixing angles as θ12 ≃ 35.3o, θ23 = 45o and θ13 = 0. This corresponding
mixing matrix can be written as
UTBM ==


√
2
3
1√
3
0
− 1√
6
1√
3
1√
2
1√
6
− 1√
3
1√
2

 (6)
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FIG. 3: Variation of sin2 δCP with type II seesaw for 90% contribution of type I seesaw to neutrino
mass
The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing matrix is related to the
diagonalizing matrices of neutrino and charged lepton mass matrices Uν , Ul respectively, as
UPMNS = U
†
l Uν (7)
The PMNS mixing matrix can be parametrized as
UPMNS =


c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

 (8)
where cij = cos θij , sij = sin θij and δ is the Dirac CP phase. If Uν = UTBM from type I
seesaw, then for diagonal charged lepton mass matrix both the reactor mixing angle θ13 and
the leptonic Dirac CP phase δ vanish in the neutrino sector. Since vanishing reactor mixing
angle has been ruled out by experiments, the TBM type neutrino mixing has to be corrected.
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FIG. 4: Allowed parameter space in the type II seesaw mass term and lightest neutrino mass plane
for 50% contribution of type I seesaw to neutrino mass
FIG. 5: Allowed parameter space in the type II seesaw mass term and lightest neutrino mass plane
for 70% contribution of type I seesaw to neutrino mass
In our present work, we are interested in exploring the possibility of generating this correction
for non-zero θ13 and predicting leptonic CP phase at the same time. Considering the type II
seesaw term as the necessary correction to TBM mixing, we write the neutrino mass matrix
as
Mν =M
II
ν +M
I
ν = fvL +MDM
−1
R M
T
D (9)
where MD,MR are Dirac the right handed neutrino mass matrices respectively. Since the
diagonalizing matrix of Mν is UPMNS and that of type I mass matrix M
I
ν is UTBM , the above
equation can be written as
UPMNSM
diag
ν U
T
PMNS =M
II
ν + UTBMM
I(diag)
ν U
T
TBM (10)
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FIG. 6: Allowed parameter space in the type II seesaw mass term and lightest neutrino mass plane
for 90% contribution of type I seesaw to neutrino mass
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FIG. 7: Baryon asymmetry as a function of leptonic Dirac CP phase in the one flavor regime for
50% contribution of type I seesaw to neutrino mass
For normal hierarchy, the diagonal mass matrix of the light neutrinos can be written as
Mdiagν = diag(m1,
√
m21 +∆m
2
21,
√
m21 +∆m
2
31) whereas for inverted hierarchy it can be
written as Mdiagν = diag(
√
m23 +∆m
2
23 −∆m221,
√
m23 +∆m
2
23, m3). To vary the relative
strength of type I and type II seesaw terms, we parametrize the diagonal type I mass matrix
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FIG. 8: Baryon asymmetry as a function of leptonic Dirac CP phase in the one flavor regime for
70% contribution of type I seesaw to neutrino mass
as M
I(diag)
ν = αMdiagν , where α is a parameter between 0 and 1. Denoting the symmetric
type II seesaw mass matrix as
M IIν =


t11 t12 t13
t12 t22 t23
t13 t23 t33

 (11)
and using equation (10), the type II seesaw mass matrix elements can be derived as
t11 =
(
c
2
12c
2
13 −
2α
3
)
m1 +
(
s
2
12c
2
13 −
α
3
)
m2 + s
2
13e
−2iδ
m3
t12 =
(
−c12c13
(
s12c23 + e
iδ
s13s23c13
)
+
α
3
)
m1+
(
s12c13
(
c12c23 − eiδs12s13s23
)
− α
3
)
m2+s13s23c13e
−iδ
m3
t13 =
(
c12c13
(
s12s23 − eiδs13c12c23
)
+
α
3
)
m1+
(
−s12c13
(
c12s23 + e
iδ
s12s13c23
)
− α
3
)
m2+s13c13c23e
−iδ
m3
t22 =
((
s12c23 + e
iδ
s13s23c12
)2
− α
6
)
m1+
((
c12c23 − eiδs12s13s23
)2
− α
3
)
m2+
(
s
2
23c
2
13 −
α
2
)
m3
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FIG. 9: Baryon asymmetry as a function of leptonic Dirac CP phase in the one flavor regime for
90% contribution of type I seesaw to neutrino mass
t23 =
((−s12s23 + eiδs13c12c23) (s12c23 + eiδs13s23c12)− α6 )m1
+
(
−
(
s23c12 + e
iδ
s12s13c23
)(
c12c23 − eiδs12s13s23
)
− α
3
)
m2 +
(
s23c23c
2
13 +
α
2
)
m3
t33 =
((
−s12s23 + eiδs13c12c23
)2
− α
6
)
m1+
((
s23c12 + e
iδ
s12s13c23
)2
− α
3
)
m2+
(
c
2
13c
2
23 −
α
2
)
m3
It should be noted that in the general PMNS mixing matrix, there are two Majorana
phases as well originating in the right handed neutrino sector. We have omitted these two
phases in equation (8), assuming them to take trivial values (0, 2π). These Majorana phases
can significantly affect the baryon asymmetry as discussed recently within the context of
type I and type II seesaw models in [52]. The charged lepton flavor violation within such
frameworks have been discussed recently in [34] whereas the consequences in neutrinoless
double beta decay have been explored in details in [53, 54]. We leave a more detailed study of
these scenarios including the effects of non-trivial Majorana phases to future investigations.
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FIG. 10: Baryon asymmetry as a function of leptonic Dirac CP phase in the two flavor regime for
50% contribution of type I seesaw to neutrino mass
IV. NUMERICAL ANALYSIS
Using the expressions for type II seesaw mass matrix elements in terms of neutrino pa-
rameters, we first try to see the dependence of leptonic Dirac CP phase δ = δCP on type
II seesaw strength. For that, we use the best fit values of the neutrino parameters given
in [10]. Since neutrino oscillation data give only two mass squared differences and three
mixing angles, we still have the lightest neutrino mass as the free parameter. Thus, the
dependence of δCP on type II seesaw is subject to the choice of two free parameters: the
lightest neutrino mass and the relative strength of type I-II seesaw terms α. We choose two
different values of lightest neutrino mass which give rise to quasi-degenerate and hierarchical
type neutrino mass patterns respectively. We also choose three different values of α to study
different relative contribution of type I and type II seesaw terms. The variation of sin2 δCP
on type II seesaw is shown in figure 1, 2, 3 for different choices of lightest neutrino mass
and α. For normal hierarchy, the choices for lightest neutrino mass are m1 = 10
−6, 0.07 eV
whereas for inverted hierarchy they are taken as m3 = 10
−6, 0.065 eV. The specific choice
12
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FIG. 11: Baryon asymmetry as a function of leptonic Dirac CP phase in the two flavor regime for
70% contribution of type I seesaw to neutrino mass
of m1(m3) = 10
−6 eV corresponds to a large hierarchy in the neutrino mass spectrum and
m1(m3) = 0.07(0.065) eV correspond to a neutrino mass spectrum where all the three masses
are of same order. The values 0.07, 0.065 eV are chosen in such a way that the sum of ab-
solute neutrino masses lies below the cosmological upper bound. We choose three different
values of α namely, 0.5, 0.7, 0.9 which correspond to 50%, 70%, 90% contribution of type I
seesaw to neutrino mass respectively. We also show the parameter space in the type II
seesaw term versus lightest neutrino mass plane which can give rise to the correct neutrino
oscillation data within our framework. The corresponding plots for all the relative strengths
of type I and type II seesaw terms are shown in figure 4, 5 and 6. We also derive the type
II seesaw mass matrices for all the choices of lightest neutrino mass and α. They are shown
in table I, II, III and IV.
After deriving the type II seesaw mass matrix, we then proceed to calculate the amount
of baryon asymmetry that can be produced through the mechanism of leptogenesis in our
model. Since type I seesaw term gives rise to a real TBM type neutrino mass matrix, it is
natural to assume real values of Dirac Yukawa couplings in the terms YijL¯iHNj. This makes
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TABLE I: Type II Seesaw Mass matrix for NH with m1 = 0.07 eV
MODEL(TBM) NH m1 = 0.07 eV
TYPE I 50%


0.0328386 + 0.0019316e−2iδ 0.0000971076 + 0.00807665e−iδ − 0.00665413eiδ −0.000243589 + 0.00971721e−iδ − 0.00800575eiδ
0.0000971076 + 0.00807665e−iδ − 0.00665413eiδ 0.0367825 − 0.0000364514eiδ + 0.000651833e2iδ 0.00954316 − 6.77917 × 10−6eiδ + 0.000784237e2iδ
−0.000243589 + 0.00971721e−iδ − 0.00800575eiδ 0.00954316 − 6.77917 × 10−6eiδ + 0.000784237e2iδ 0.0388914 + 0.0000364514eiδ + 0.000943535e2iδ


TYPE I 70%


0.0188031 + 0.0019316e−2iδ 0.000061529 + 0.00807665e−iδ − 0.00665413eiδ −0.000279168 + 0.00971721e−iδ − 0.00800575eiδ
0.000061529 + 0.00807665e−iδ − 0.00665413eiδ 0.021162 − 0.0000364514eiδ + 0.000651833e2iδ 0.0110924 − 6.77917 × 10−6eiδ + 0.000784237e2iδ
−0.000279168 + 0.00971721e−iδ − 0.00800575eiδ 0.0110924 − 6.77917 × 10−6eiδ + 0.000784237e2iδ 0.023271 + 0.0000364514eiδ + 0.000943535e2iδ


TYPE I 90%


0.00476749 + 0.0019316e−2iδ 0.0000259503 + 0.00807665e−iδ − 0.00665413eiδ −0.000314746 + 0.00971721e−iδ − 0.00800575eiδ
0.0000259503 + 0.00807665e−iδ − 0.00665413eiδ 0.00554157 − 0.0000364514eiδ + 0.000651833e2iδ 0.0126417 − 6.77917 × 10−6eiδ + 0.000784237e2iδ
−0.000314746 + 0.00971721e−iδ − 0.00800575eiδ 0.0126417 − 6.77917 × 10−6eiδ + 0.000784237e2iδ 0.00765053 + +0.0000364514eiδ + 0.000943535e2iδ


TABLE II: Type II Seesaw Mass matrix for NH with m1 = 10
−6 eV
MODEL(TBM) NH m1 = 10
−6 eV
TYPE I 50%


0.00107295 + 0.00111823e−2iδ 0.00157563 + 0.00467569e−iδ − 0.00024653eiδ −0.00395237 + 0.00562544e−iδ − 0.000296607eiδ
0.00157563 + 0.00467569e−iδ − 0.00024653eiδ 0.00930559 − 0.000591445eiδ + 0.0000241499e2iδ 0.0314917 − 0.000109996eiδ + 0.0000290554e2iδ
−0.00395237 + 0.00562544e−iδ − 0.000296607eiδ 0.0314917 − 0.000109996eiδ + 0.0000290554e2iδ 0.0169345 + 0.000591445eiδ + 0.0000349572e2iδ


TYPE I 70%


0.000495471 + 0.00111823e−2iδ 0.000998342 + 0.00467569e−iδ − 0.00024653eiδ −0.00452965 + 0.00562544e−iδ − 0.000296607eiδ
0.000998342 + 0.00467569e−iδ − 0.00024653eiδ 0.00375829 − 0.000591445eiδ + 0.0000241499e2iδ 0.0358842 − 0.000109996eiδ + 0.0000290554e2iδ
−0.00452965 + 0.00562544e−iδ − 0.000296607eiδ 0.0358842 − 0.000109996eiδ + 0.0000290554e2iδ 0.0113872 + 0.000591445eiδ + 0.0000349572e2iδ


TYPE I 90%


−0.0000820129 + 0.00111823e−2iδ 0.000421058 + 0.00467569e−iδ − 0.00024653eiδ −0.00510694 + 0.00562544e−iδ − 0.000296607eiδ
0.000421058 + 0.00467569e−iδ − 0.00024653eiδ −0.001789 − 0.000591445eiδ + 0.0000241499e2iδ 0.0402767 − 0.000109996eiδ + 0.0000290554e2iδ
−0.00510694 + 0.00562544e−iδ − 0.000296607eiδ 0.0402767 − 0.000109996eiδ + 0.0000290554e2iδ 0.00583995 + 0.000591445eiδ + 0.0000349572e2iδ


TABLE III: Type II Seesaw Mass matrix for IH with m3 = 0.065 eV
MODEL(TBM) IH m3 = 0.065 eV
TYPE I 50%


0.0380633 + 0.0014625e−2iδ 0.0000838167 + 0.0061152e−iδ − 0.00771227eiδ −0.00021025 + 0.00735735e−iδ − 0.00927883eiδ
0.0000838167 + 0.0061152e−iδ − 0.00771227eiδ 0.0376617 − 0.0000314624eiδ + 0.000755488e2iδ −0.0138471 − 5.85132 × 10−6eiδ + 0.000908947e2iδ
−0.00021025 + 0.00735735e−iδ − 0.00927883eiδ −0.0138471 − 5.85132 × 10−6eiδ + 0.000908947e2iδ 0.0340442 + 0.0000314624eiδ + 0.00109358e2iδ


TYPE I 70%


0.0217968 + 0.0014625e−2iδ 0.0000531076 + 0.0061152e−iδ − 0.00771227eiδ −0.000240959 + 0.00735735e−iδ − 0.00927883eiδ
0.0000531076 + 0.0061152e−iδ − 0.00771227eiδ 0.0230131 − 0.0000314624eiδ + 0.000755488e2iδ −0.0154957 − 5.85132 × 10−6eiδ + 0.000908947e2iδ
−0.000240959 + 0.00735735e−iδ − 0.00927883eiδ −0.0154957 − 5.85132 × 10−6eiδ + 0.000908947e2iδ 0.0193956 + 0.0000314624eiδ + 0.00109358e2iδ


TYPE I 90%


0.00553034 + 0.0014625e−2iδ 0.0000223985 + 0.0061152e−iδ − 0.00771227eiδ −0.000271668 + 0.00735735e−iδ − 0.00927883eiδ
0.0000223985 + 0.0061152e−iδ − 0.00771227eiδ 0.00836452 − 0.0000314624eiδ + 0.000755488e2iδ −0.0171443 − 5.85132 × 10−6eiδ + 0.000908947e2iδ
−0.000271668 + 0.00735735e−iδ − 0.00927883eiδ −0.0171443 − 5.85132 × 10−6eiδ + 0.000908947e2iδ 0.00474702 + 0.0000314624eiδ + 0.00109358e2iδ


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FIG. 12: Baryon asymmetry as a function of leptonic Dirac CP phase in the two flavor regime for
90% contribution of type I seesaw to neutrino mass
TABLE IV: Type II Seesaw Mass Matrix for IH with m3 = 10
−6 eV
MODEL(TBM) IH m3 = 10
−6 eV
TYPE I 50%


0.0228629 + 2.25× 10−8e−2iδ 0.000139215 + 9.408 × 10−8e−iδ − 0.00463406eiδ −0.000349213 + 1.1319 × 10−7e−iδ − 0.00557536eiδ
0.000139215 + 9.408 × 10−8e−iδ − 0.00463406eiδ 0.0171019 − 0.0000522573eiδ + 0.000453949e2iδ −0.0367103 − 9.71871 × 10−6eiδ + 0.000546157e2iδ
−0.000349213 + 1.1319 × 10−7e−iδ − 0.00557536eiδ −0.0367103 − 9.71871 × 10−6eiδ + 0.000546157e2iδ 0.00801682 + 0.0000522573eiδ + 0.000657096e2iδ


TYPE I 70%


0.0130856 + 2.25× 10−8e−2iδ 0.0000882087 + 9.408 × 10−8e−iδ − 0.00463406eiδ −0.000400219 + 1.1319 × 10−7e−iδ − 0.00557536eiδ
0.0000882087 + 9.408 × 10−8e−iδ − 0.00463406eiδ 0.0121877 − 0.0000522573eiδ + 0.000453949e2iδ −0.0416243 − 9.71871 × 10−6eiδ + 0.000546157e2iδ
−0.000400219 + 1.1319 × 10−7e−iδ − 0.00557536eiδ −0.0416243 − 9.71871 × 10−6eiδ + 0.000546157e2iδ 0.00310259 + 0.0000522573eiδ + 0.000657096e2iδ


TYPE I 90%


0.00330839 + 2.25 × 10−8e−2iδ 0.0000372027 + 9.408 × 10−8e−iδ − 0.00463406eiδ −0.000451225 + 1.1319 × 10−7e−iδ − 0.00557536eiδ
0.0000372027 + 9.408 × 10−8e−iδ − 0.00463406eiδ 0.00727345 − 0.0000522573eiδ + 0.000453949e2iδ −0.0465383 − 9.71871 × 10−6eiδ + 0.000546157e2iδ
−0.000451225 + 1.1319 × 10−7e−iδ − 0.00557536eiδ −0.0465383 − 9.71871 × 10−6eiδ + 0.000546157e2iδ −0.00181164 + 0.0000522573eiδ + 0.000657096e2iδ


the process of right handed heavy neutrino decay into a light neutrino and Higgs (N → νH)
CP preserving ruling out the possibility of leptogenesis. However, the type II seesaw mass
matrix, being the common origin of non-zero θ13 and leptonic Dirac CP phase, is of complex
type and hence could be a source of lepton asymmetry. Type II seesaw or the presence
of Higgs triplet can contribute to lepton asymmetry in two different ways: CP violating
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FIG. 13: Baryon asymmetry as a function of leptonic Dirac CP phase in the three flavor regime
for 50% contribution of type I seesaw to neutrino mass
decay of triplet Higgs into standard model particles or the right handed neutrino decay into
standard model particles through virtual Higgs triplet. We adopt the latter possibility where
CP violating decay of the lightest right handed neutrino through a virtual Higgs triplet is
responsible for creating the lepton asymmetry. To calculate the baryon asymmetry, we follow
the procedure adopted in our earlier works [33, 34, 52].
While calculating the lepton asymmetry, the lepton flavor effects [55–59] can play a
crucial role if the lightest right handed neutrino mass M1 is below 10
12 GeV. For M1 > 10
12
GeV, all lepton flavors are out of equilibrium giving rise to one flavor leptogenesis. If
109GeV < M1 < 10
12GeV, then only electron and muon flavors are out of equilibrium
giving rise to two flavor leptogenesis. Three flavor leptogenesis arises when M1 < 10
9
GeV where only electron flavor is out of equilibrium. To keep the lightest right handed
neutrino mass in different flavor regime, one needs to choose the Dirac neutrino mass matrix
appropriately. After fitting the type I seesaw mass matrix as M Iν = UTBMM
I(diag)
ν UTTBM
where M
I(diag)
ν = αM
(diag)
ν we can find the right handed neutrino mass matrix as
MR = M
T
D(M
I
ν )
−1MD (12)
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FIG. 14: Baryon asymmetry as a function of leptonic Dirac CP phase in the three flavor regime
for 70% contribution of type I seesaw to neutrino mass
We consider a diagonal type Dirac neutrino mass matrix which can be parametrized as
MD =


λm 0 0
0 λn 0
0 0 1

mf (13)
where λ = 0.22 is the standard Wolfenstein parameter and (m,n) are positive integers. We
fix mf = 82.43 GeV and change the integers (m,n) in order to keep the lightest right handed
neutrino mass M1 in the appropriate flavor regime. We find that (m,n) = (1, 1), (3, 1), (5, 3)
correspond to one, two and three flavor regimes of leptogenesis respectively. After fixing
α,m1(m3),MD,MR the only free parameter in the neutrino sector within our framework is
the leptonic CP phase δ. We vary the CP phase and compute the predictions for baryon
asymmetry in one, two and three flavor regimes for all the choices of α,m1(m3). The
variations of baryon asymmetry with leptonic CP phase δ are shown in figure 7, 8, 9, 10,
11, 12, 13, 14 and 15.
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FIG. 15: Baryon asymmetry as a function of leptonic Dirac CP phase in the three flavor regime
for 90% contribution of type I seesaw to neutrino mass
V. RESULTS AND CONCLUSION
In this work, we have generalized our earlier studies on the common origin of non-zero
reactor mixing angle, leptonic CP phase and leptogenesis from type II seesaw. Type I seesaw
is assumed to give a TBM type neutrino mixing whereas type II seesaw gives the necessary
corrections to generate non-zero θ13 as well as leptonic CP phase δ. Without assuming any
specific form of the type II seesaw mass matrix, here we derive the most general form of type
II seesaw mass matrix that can generate non-zero values of θ13, δ. Unlike previous studies,
here we do not assume the type I seesaw as the leading contributor to neutrino mass. We
consider three different scenarios where type I seesaw contributions to neutrino mass are
50%, 70% and 90% respectively. We also consider both inverted and normal hierarchical
neutrino mass spectrum as well as two different types of lightest neutrino mass in order
to show the effect of hierarchy. We first see the dependence of leptonic CP phase on type
II seesaw mass term. From the figures 1, 2, 3 we see that sin2 δ varies between 0 and 1
depending on the strength of the type II seesaw term. The variation is found to be very
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TABLE V: Values of δ giving correct baryon asymmetry
Model (TBM) δ for 1 flavor (radian) δ for 2 flavor (radian)
TYPE I 50%
m1 = 0.070 eV (NH) 0.0025-0.0031,3.138-3.139 0.0433-0.0546,3.089-3.097
m1 = 10
−6 eV (NH) - -
m3 = 0.065 eV (IH) - 0.0270-0.0339,3.108-3.114
m3 = 10
−6 eV (IH) - 0.0898-0.1124,3.035-3.052
TYPE I 70%
m1 = 0.070 eV (NH) 3.1470-3.1490,6.276-6.277 0.0490-0.0615,3.082-3.092
m1 = 10
−6 eV (NH) - -
m3 = 0.065 eV (IH) - 0.0550-0.0700,3.075-3.085
m3 = 10
−6 eV (IH) - 0.1853-0.2343,2.919-2.954
TYPE I 90%
m1 = 0.070 eV (NH) 0.0087-0.0119,3.129-3.132 0.1545-0.1960,2.955-2.983
m1 = 10
−6 eV (NH) - -
m3 = 0.065 eV (IH) - 0.1545-0.1954,2.958-2.985
m3 = 10
−6 eV (IH) - 3.4670-3.5540,5.898-5.960
sharp in case of inverted hierarchy with m3 = 10
−6 eV whereas in other cases it varies
moderately. We also plot the allowed values of type II seesaw term consistent with neutrino
oscillation data as a function of lightest neutrino mass. They are shown in figures 4, 5 and
6. We show the variation of baryon asymmetry with leptonic CP phase in figures 7, 8, 9, 10,
11, 12, 13, 14 and 15 and summarize them in the table V. It can be seen from these figures
that we do not get the correct baryon asymmetry in the three flavor regime for all choices
of parameters. In the one flavor regime, only normal hierarchical neutrino mass with all
masses of same order gives the correct baryon asymmetry. In the two flavor regime although
normal hierarchy gives correct baryon asymmetry only when all the neutrino masses are
of same order, inverted hierarchy can give rise to correct baryon asymmetry even if the
lightest neutrino mass is as low as 10−6 eV. Precise determination of leptonic CP violation
in future experiments should be able to rule out some of the scenarios we have discussed in
this work. If we go by the best fit values of δ presently available in the literature: 5π/3 [10]
and π [11], we see from table V that only normal hierarchy with m1 = 0.07 eV prefers the
value of δ to be close to π in order to produce the correct baryon asymmetry. On the other
19
hand, none of the scenarios we discuss here favor the value of δ to be 5π/3. Apart from
neutrino experiments, the present and future cosmology experiments should also be able to
rule out some more regions of the parameter space we have studied in this work. As stressed
earlier, our main conclusions in this work are valid only when the Majorana neutrino phases
take only extremal values like 0 or 2π. We leave a more complete study of these scenarios
including the Majorana phases to future works.
[1] S. Fukuda et al. (Super-Kamiokande), Phys. Rev. Lett. 86, 5656 (2001), hep-ex/0103033.
[2] Q. R. Ahmad et al. (SNO), Phys. Rev. Lett. 89, 011301 (2002), nucl-ex/0204008.
[3] Q. R. Ahmad et al. (SNO), Phys. Rev. Lett. 89, 011302 (2002), nucl-ex/0204009.
[4] J. N. Bahcall and C. Pena-Garay, New J. Phys. 6, 63 (2004), hep-ph/0404061.
[5] K. Nakamura et al., J. Phys. G37, 075021 (2010).
[6] K. Abe et al. [T2K Collaboration], Phys. Rev. Lett. 107, 041801 (2011), [arXiv:1106.2822
[hep-ex]].
[7] Y. Abe et al., Phys. Rev. Lett. 108, 131801 (2012), [arXiv:1112.6353 [hep-ex]].
[8] F. P. An et al. [DAYA-BAY Collaboration], Phys. Rev. Lett. 108, 171803 (2012),
[arXiv:1203.1669 [hep-ex]].
[9] J. K. Ahn et al. [RENO Collaboration], Phys. Rev. Lett. 108, 191802 (2012),
[arXiv:1204.0626][hep-ex]].
[10] M. C. Gonzalez-Garcia, M. Maltoni, J. Salvado and T. Schwetz, JHEP 12, 123
(2012)[arXiv:1209.3023 [hep-ph]].
[11] G. L. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo and A. M. Rotunno, Phys. Rev.
D86, 013012 (2012)[arXiv:1205.5254[hep-ph]].
[12] P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B530, 167 (2002).
[13] P. F. Harrison and W. G. Scott, Phys. Lett. B535, 163 (2002).
[14] Z. z. Xing, Phys. Lett. B533, 85 (2002).
[15] P. F. Harrison and W. G. Scott, Phys. Lett. B547, 219 (2002).
[16] P. F. Harrison and W. G. Scott, Phys. Lett. B557, 76 (2003).
[17] P. F. Harrison and W. G. Scott, Phys. Lett. B594, 324 (2004).
[18] Y. Shimizu, M. Tanimoto and A. Watanabe, Prog. Theor. Phys. 126, 81 (2011).
20
[19] S. F. King and C. Luhn, JHEP 1109, 042 (2011).
[20] S. Antusch, S. F. King, C. Luhn and M. Spinrath, Nucl. Phys. B856, 328 (2012).
[21] S. F. King and C. Luhn, JHEP 1203, 036 (2012).
[22] S. Gupta, A. S. Joshipura and K. M. Patel, Phys. Rev. D85, 031903 (2012).
[23] S-F. Ge, D. A. Dicus and W. W. Repko, Phys. Rev. Lett. 108, 041801 (2012).
[24] S-F. Ge, D. A. Dicus and W. W. Repko, Phys. Lett. B702, 220 (2011).
[25] M-C. Chen, J. Huang, J-M. O’Bryan, A. M. Wijangco and F. Yu, JHEP 1302, 021 (2012).
[26] G. Altarelli, F. Feruglio, L. Merlo and E. Stamou, JHEP 1208, 021 (2012).
[27] P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5076.
[28] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B155, 36 (1985).
[29] M. Fukugita and T. Yanagida, Phys. Lett. B174, 45 (1986).
[30] S. Davidson, E. Nardi and Y. Nir, Phys. Rept. 466, 105 (2008).
[31] D. Borah, Nucl. Phys. B876, 575 (2013).
[32] D. Borah, S. Patra and P. Pritimita, Nucl. Phys. B881, 444 (2014).
[33] D. Borah, Int. J. Mod. Phys. A29, 1450108 (2014).
[34] M. Borah. D. Borah, M. K. Das and S. Patra, Phys. Rev. D90, 095020 (2014).
[35] P. Minkowski, Phys. Lett. B67, 421 (1977).
[36] M. Gell-Mann, P. Ramond, and R. Slansky (1980), print-80-0576 (CERN).
[37] T. Yanagida (1979), in Proceedings of the Workshop on the Baryon Number of the Universe
and Unified Theories, Tsukuba, Japan, 13-14 Feb 1979.
[38] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett 44, 912 (1980).
[39] J. Schechter and J. W. F. Valle, Phys. Rev. D22, 2227 (1980).
[40] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D23, 165 (1981).
[41] G. Lazarides, Q. Shafi and C Wetterich, Nucl. Phys. B181, 287 (1981).
[42] C. Wetterich, Nucl. Phys. B187, 343 (1981).
[43] J. Schechter and J. W. F. Valle, Phys. Rev. D25, 774 (1982).
[44] B. Brahmachari and R. N. Mohapatra, Phys. Rev. D58, 015001 (1998).
[45] R. N. Mohapatra, Nucl. Phys. Proc. suppl. 138, 257 (2005).
[46] S. Antusch and S. F. King, Phys. Lett. B597, (2), 199 (2004).
[47] W. Rodejohann, Phys. Rev. D70, 073010 (2004).
[48] M. Lindner and W. Rodejohann, JHEP 0705, 089 (2007).
21
[49] D. A. Sierra and I. de M. Varzielas and E. Houet, Phys. Rev. D87, 093009 (2013).
[50] D. A. Sierra and I. de Medeiros Varzielas, JHEP 1401, 042 (2014).
[51] P. S. B. Dev, B. Dutta, R. N. Mohapatra and M. Severson, Phys. Rev. D86, 035002 (2012).
[52] D. Borah and M. K. Das, Phys. Rev. D90, 015006 (2014).
[53] J. Chakrabortty, H. Z. Devi, S. Goswami and S. Patra, JHEP 1208, 008 (2012).
[54] J. Barry and W. Rodejohann, JHEP 1309, 153 (2013).
[55] R. Barbieri, P. Creminelli, A. Strumia and N. Tetradis, Nucl. Phys. B575, 61 (2000).
[56] A. Abada, S. Davidson, F. -X. Josse-Michaux, M. Losada and A. Riotto, JCAP 0604, 004
(2006).
[57] E. Nardi, Y. Nir, E. Roulet and J. Racker, JHEP 0601, 164 (2006).
[58] A. Abada, S. Davidson, A. Ibarra, F. -X. Josse-Michaux, M. Losada and A. Riotto, JHEP
0609, 010 (2006).
[59] P. S. B. Dev, P. Millington, A. Pilaftsis and D. Teresi, Nucl. Phys. B886, 569 (2014).
22
